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(Received Oct. 5, 1970) 
In connection with an application of superconductors to the wired-wall cavity 
for a magnetic resonance measurement, some of the electrical properties of 
type I and type II superconductors have been reviewed and considered, such 
as the skin depth, the penetration depth, and the effect of high frequency. 
Rough estimation of the surface resistance of Nb-Ti alloy for V-band microwave 
region (50 GHz) suggests that it is small enough to make magnetic resonance. 
Preliminary experiments by using Nb-Ti and Nb-Ti-Ta alloy wire are described 
briefly, which show that we can expect the more higher Q-value for this 
cavity than that for the copper wire used previously. 
1 Introduction 
Besides a superconducting magnet used for the production of strong magnetic 
fields, a variety of superconductor devices have lately been investigated, by making 
the use of zero resistance, Meissner effect, and Josephson effect. One of the applica-
tions of superconductors to solid state physics is tuned circuits and resonant cavities,!) 
whose Q-values are in general limited by the surface impedance. Microwave resonant 
cavities, of cylindrical or rectangular type, for electron spin resonance (ESR) and 
electronnuclear double resonance (END OR) are commonly made of bulk copper and 
electroplated or vacuum-evaporated substance \Ag, Pt etc.), being operated at X- to Q-
band regions. 
Recently we have constructed a cylindrical wired-wall cavity for ESR and ENDOR 
experiments in the V-band region at low temperature.2 The wired-wall constructed 
with enamelled copper wire serves as the cavity wall as well as r-f supply coil. The 
unloaded Q was found to be about 3,500, which was rather small to obtain a strong 
signal with resolution, because of the surface impedance, roughness of the wall, and 
mechanical construction techniques. 
In order to improve our cavity with as high Q as possible, we have attempted to 
use Nb-Ti and Nb-Ti-Ta alloy of type II superconductor, one of which has already 
been used in our laboratory as a liquid level sensor3 ) as well as a low-field supercon-
ducting magnet designed for nuclear magnetic resonance experiment.4) In this paper 
some of the electrical properties of superconductors will be reviewed and considered, 
in particular the application of Nb-Ti alloy to the wired-wall cavity being in mind. 
The details of the experimental results with this wire will be shown in an another 
article. 
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2 The Skin Depth and Penetration Depth 
Requirements for a design of a microwave cavity are well known,S) and especially in 
our V-band case we have reported in a previous paper.2) One of the factors which 
limit the unloaded Q-value is a classical anomalous skin depth a of a metal, a=(27tO'wt l/2 , 
where 0' is the dc conductivity in e. m. u. of the metal and w the angular frequency. 
For copper metal, for example, 0=3.8 x 10-6v L lL; wavelength of the electromagnetic 
wave) and thus 0=2.9x10-5 cm for V-band. Cooling copper resonators, however, only 
improve the value by factors of the order of 10, because the anomalous skin effect 
keeps the high-frequency surface impedance high, even if the dc impedance has become 
very small. 
Since the early stage of the study on superconductivity it was emphasized by F. 
London that the pure superconducting state in a magnetic field has a persistent 
shielding current associated with it. Because the Meissner effect (B=O) is very well 
established for samples of macroscopic dimensions, this current must be confined to 
a region very close to the surface. Thus one may express that B drops to a vanishingly 
small value over a characteristic penetration depth A, whose value has been determined 
to be about 10-& cm. In Table I, the observed values of A are given, after Meservey and 
Table 1. Penetration depth A. 6) 
Sn AI Pb Cd Nb 
5.1 4.9, 5.15 3.9 13 4.14 
Schwartz.S) While extensive works on the penetration depth for type I superconductors 
have been reported to date, there are rather few for type II superconductors, especially 
for alloy and compound superconductors. In type II, A is reported to be appreciably 
greater than 10-6 cm. 
According to the "two-fluid" model of superconductivity developed by Gorter and 
Casimir. the electrons form two groups or fluids, the "normal" electrons, which occupy 
higher energy levels and "super" electrons which exist in a lower set of levels. The 
ratio of the normal current jn to the super current js can be expressed as7) 
· ........ (1) 
where j& 'is the reactive component of the current and jn the resistive component. 
Estimation71 of eq. (1) for a typical high-purity metal (0'=10- 1 e. m. u.) and a= 5 x 10-6 cm 
for a frequency of 10 GHz, which is of the same order as A, shows that the effect of 
jn cannot be neglected. This may also be the case for our case, since A of Nb-Ti 
alloy is supposed to be large enough. 
3 Radio-Frequency Losses 
If jn is sufficiently large (i. e., if a is smaller than, or of the same order as A), a 
sUperconductor should have a measurable resistance. The experimental results on 
this surface resistance are shown in Fig. 1 and 2 for Sn (T c=3 .7°K) and Al (T c= 1.17°K), 
1 
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Fig. 1. Surface resistance of Sn as a function 
of reduced temperature. (after A. B. 
Pippard; Adv. in Electronics 6 (1954) 
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Fig. 2. Surface resistance of Al as a function 
of reduced temperature. (after M. A. 
Biondi and M. P. Garfunkel; Phys. Rev. 
116 (1959) 853.). 
in the microwave region, respectively. The curves show the ratio r/rn of the resistance 
in the superconducting state to that in the normal state, just above T c. In Fig. 1, the 
result in the infra-red (14,u) is also shown, where the radiation energy (h1l= 8 x 10-2eV) 
is comparable order of magnitude with the energy gap 2..:1 and thus the electrons in 
the gronud state jump up to the normal state, giving rise to a normal resistance. The 
BCS theory indicates 2..:1=3.5 kT c and most metals are known to obey this rule. If we 
express h1l=n kT c, where 11 is a radio-frequency and n a constant, then one can estimate 
the ratio for the case of Nb-Ti by using the figures; with 11=50 GHz, Tc=10oK, and 
T=4.2°K, then n is 0.24 and r/rn of the order of 10-2• From this rough estimation, 
we may expect the surface resistance for Nb-Ti alloy at V -band and at helium 
temperature to be small. 
In fact, however, there are much more complicated effects of the radio-frequency 
on superconductors. Recently many workers have taken up these problems in connec-
tion with the application of superconductors to turned circuits and resonant cavities 
with the high Q. Victor and Hartwig 8 have pointed out that the r-f losses in super-
conductors are caused by at least three separate mechanisms, the surface resistance, 
trapped-flux effects, and residual processes, Comparing their results with the Pippard 
empirical equation,g) which were done on Sn-In, Pb-Sn, Ta, and Nb samples in the 
frequency range 40-400 MHz with the magnetic field below 6 G, they concluded that 
trapped-flux are responsible for a large part of the residual ac losses in both types I 
and II superconductors. The flux-trapping model proposes that power dissipation 
occurs in the normal regions at the center of trapped-fluxoids. These fluxoids result 
from the cooling of an imperfect (rough surfaces, impurities, grain boundaries, etc.) 
sample in the presence of an external magnetic field. Unfortunately there are not 
so many data on a material for superconducting magnet, such as Nb-Ti, Nb-Zr, Nba Sn, and 
V 3 Ga, and they are required to be studied along these lines for further understanding. 
4, Examples of Use of Superconductor 
Newhouse has compiled several examples in his review artic1eY In Table II, are 
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Table II. Superconducting r-£ devices. 
Material Q-value frequency remarks 
Pb 2.2X106 22 MHz lumped circuits a) 
5 X109 2846 MHz TEoll cavityb) 
Pb, Sn "-'106 10M-10 GHzC) 
a) F. R. Arams et al.; Cryogetzic RF Tuner, ASTIA Doc. 617128. 
b) H. Hahn and H. J. Halama; 1967 Applied Superconductivity Conference Abstracts 
Ed. by W. H. Hartwig (The University of Texas at Austin, Austin, Texas, 1967) p. 59. 
c) J. L. Stone and W. H. Hartwig; J. appl. Phys. 39 (1968) 2665. 
given a few experimental results. As we have noted previously, trapped flux creates 
normal regions at the core of the fluxoid, and it is responsible for the r-f losses and 
thus limits the Q. These experiments have, therefore, been done by elimination of 
back ground fields on cooling below T e, such as earth's magnetic field. No measure-
ments are reported of the magnetic resonance experiment so far, which is usually 
performed under a magnetic field. 
5 Application of Nb-Ti Alloy to Wired-Wall Cavity for V-Band 
When we take these effects into consideration, at first sight, there seems no pos-
sibility of operating superconducting cavities under a magnetic field. However we 
have attempted, with the hope that r-f surface resistance may be small as estimated 
in section 3, to use Nb-Ti alloy of type II superconductor for the wired-wall cavity 
worked at V-band t50 GHz) region, magnetic field strength ranging 15-17 kG for Cr3 + in 
ruby. Geometrical arragement and size of the cavity are the same with the previous 
ones.21 But to obtain the bulk surface of the copper-coated Nb-Ti wire, the inner 
part of the cavity wall was etched by dilute HNOg solution after coil winding, while 
the outer part was copper-coated state. This is important point of construction. Copper 
minimizes the creation of fluxoids and keeps the wire in constant temperature (4.2KO). 
ESR measurement at 4.2°K with this cavity was successfully made on Cr3+ in AI20 s, 
with the Q higher than that with copper wired-wall cavity. And no difference of the 
absorption signals were observed between them. Although the Q is not determined 
yet, we may conclude from this preliminary test that Nb-Ti alloy is applicable for the 
wired-wall cavity with the high Q for V-band ESR. We are trying to operate it for 
ENDOR experiment. Experimental results will be reported in an another paperY) We 
thank T. Tatsukawa, O. Yaeguchi, S. Kato, and K. Tsubokawa for their help of 
measurements, and K. Ueda for construction of the superconducting wired-wall cavity. 
The financial support for a part of this study has been provided by the Scientific 
Research Funds of the Ministry of Education. 
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